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INTRODUCTION
Voltage distortion in the power supply emanates from a variety of events ranging from switching events at the end user facility to faults on the transmission line. The types of power quality problems are considerably dependent on the location, if a load is located at the end of over loaded feeder, under voltage problems will be dominant. Startup of large motors causes voltage sag, which draws very high starting currents.
Remote faults can be considered the main reason behind the voltage sag problem in a distribution system because during faults the bus voltages in the supply network are depressed; severity is dependent on the distance between each bus and the fault point. The bus voltages return to their new steady state values after clearing the fault, i.e. the fault will cause voltage sags all over the network but cause blackouts to small portion.
Due to the increase in using equipment that is sensitive to voltage variations, the voltage sag problem becomes one of the important power quality problems. Dynamic Voltage Restorers (DVRs) [1] [2] [3] [4] are a very effective series compensation device for voltage sag mitigation.
The DVR is a voltage source inverter (VSI) which is inserted in series between the supply and a critical load. The basic operating principle of the DVR is to inject an appropriate voltage in series with the supply through an injection transformer to restore the supply voltage in abnormal conditions [5] . Energy storage units in DVRs are responsible for supplying the active power component needed during voltage sag mitigation. If this energy is obtained from neighboring feeders, the system is called interline dynamic voltage restorer (IDVR) [6] [7] [8] . The twoline IDVR consists of two back-to-back DVRs connected to different independent distribution feeders in the power system with a common DC bus as shown in Fig. 1 . One of the involved feeders is feeding a critical load (critical feeder). If the voltage at both feeders is normal, the inverters are bypassed.
When the critical feeder is subjected to voltage sag, its inverter will operate under voltage control mode and inject suitable voltage to compensate the sag. This voltage compensation consumes power from the DC link, i.e. the voltage of the common DC capacitor will start in decreasing.
To maintain constant DC voltage level during the compensation period, the neighbor feeder's DVR will be operated under power control mode, since it becomes responsible for replenishing the DC link voltage via pumping active power into the DC bus. Due to limitation on the maximum power can be extracted from the neighboring feeder, this paper presents the renewable energy supported IDVR; in the proposed system renewable energy sources are Stockholm, 10-13 June 2013 
TWO-LINE IDVR SYSTEM
If feeder1 is feeding a critical load and is subjected to voltage sag. On the other hand, voltage of feeder2 is normal. Inverter1 will be operated under voltage control mode to compensate for the sag and the required active power for restoration will be absorbed from the DC bus. The amount of needed active power is decided by the type of voltage-restoration method [9, 10] , namely, in-phase injection, pre-sag supply voltage injection and energy saving injection. This paper uses the in-phase technique. DC voltage error (V * dc -V dc ) is regulated using a proportional-integral controller (PI) which estimates the required active power to be pumped by the neighbor feeder to the link. This power level is fed to power controller to estimate the suitable voltage to be injected. The analytical relations are presented in this section. Fig. 3 shows pharos diagram of the feeder2 when its inverter is operated under power control mode. The voltage injection should not perturb the load voltage magnitude. Moreover, the power consumed by this injected voltage represents the required power to be transferred. From Fig. 3 , the length of chord (ab) is equal to the injected voltage magnitude. The chord length is given by (1) . This length is depending on the value of angle β, which is depending on P ex , where P ex represents the pumped power from feeder2 to mitigate sag problem at feeder1. From Fig. 3 , the per-phase supplied power (P s ) and load power (P L ) of feeder2 are given by (2) and (3) respectively. 
From phasor diagram in Fig.3 , the injected voltage phasor must be set as in (5) to transfer active power without affecting the load voltage magnitude.
The maximum value of β is the load displacement factor angle φ. This corresponds to the maximum allowable power drawn from feeder2 creating unity input displacement factor on feeder2. Thus, for a given load displacement factor, the per-phase maximum available value of P ex is given by (6) . ) cos 1 ( (6) Equation (6) shows that the maximum power which can be pumped is depending on the load displacement factor. At a high displacement factor, this power will be limited and may be insufficient, i.e. if the needed power for voltage restoration is larger than the maximum available power; another source will be needed to share in feeding the required power. Stockholm, 10-13 June 2013
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Paper No 0036 The power management between feeder2 and renewable energy sources can be done by using saturation block after the PI-controller output to trim the power order, P extot , to the maximum power which can be extracted from feeder2 (as in (6)). The difference between the PI-controller output and saturation block output (P extot -P ex ) is fed to renewable energy source (as a power reference). It has to be noted that the power electronics converter is used to convert the renewable energy source output voltage to the DC link voltage level.
SIMULATIONS
If the neighboring power is not sufficient, another energy source may be used to share in supplying the required active power as shown in Fig. 4 (Renewable Energy Supported IDVR). The parameters of this case are given by Table I . In this case; Feeder1 is subjected to 20% voltage sag, the required power for voltage restoration using inphase technique ,P extot , is 1450 W. Neighbor feeder (feeder2) is feeding 0.9 power factor load, i.e. the maximum power which can be pumped by feeder2 , P ex max , will be 1025W (Eq(6)). It is obvious that the power of the neighbor feeder will not be sufficient to mitigate the sag (P exmax < P extot ).
Refereed to Fig.4 , since the input of the saturation block is greater than its maximum limit, the block will limit the output to the maximum limit (i.e. P ex =P exmax =1025W).; so the difference between the required power and the available power of feeder2 (P * =P extot -P ex =1450W -1025 W= 425 W) will be fed as a reference to the renewable energy source. From table I data, the maximum power can be extracted from the PV modules is 450W, i.e. PV available power is sufficient to mitigate the sag. It has to be noted that if the photovoltaic available power is not sufficient for voltage restoration, the voltage sag mitigation will fail if the sag duration is long. In this case a model of a two-line IDVR in conjunction with PV modules has been built using Matlab/Simulink. Boost converter is used to boost the photovoltaic output voltage to the DC link voltage level. The power flow diagrams for this case before and after applying the voltage sag are shown in Fig.5a and Fig.5b respectively.
Fig.5c-5e shows the response of PV variables (power, voltage and current) during the voltage sag. It is obvious that, the PV modules pump 425W (Fig.5c ). The variation of PV output voltage and current is shown in Fig. 5d and Fig.5e respectively. The boost converter is used to boost the PV voltage level to the DC bus level at the same power. 
CONCLUSIONS
This paper proposes renewable energy supported IDVR for voltage sag mitigation in the distribution grids. The Renewable energy sources are coupled across the system DC link to share in supplying the required active power if the maximum allowable power for injection from the neighboring feeder is not sufficient to mitigate the voltage sag. All analytical relations are presented in this paper. Simulation results supported the proposed concept. Stockholm, 10-13 June 2013 
